Activation of protein kinase C (PKC) and elevation of intracellular calcium ion concentration (ICa"]I) result from phosphatidylinositol biphosphate (PIP2) breakdown. We previously demonstrated that PKC activation inhibits arginine vasopressin (AVP)-induced osmotic water flow in rabbit cortical collecting tubule (CCT) perfused in vitro at 37°C. To estimate the potential significance of PIP2 turnover as a modulator of water transport in this nephron segment, we examined the effect of Ca on AVP action and explored the mechanisms of action of PKC and increased [Ca++ji.
Introduction
Activation of protein kinase C (PKC)' and elevation of intracellular calcium ion concentration ( [Ca+J]i) are two major signal transduction pathways employed by many biologically active agents and hormones which stimulate phosphatidylinositol biphosphate (PIP2) breakdown (1) (2) (3) . In many types of mammalian cells, both pathways are known to act synergistically (1, 3, 4) . While we have demonstrated that PKC activators markedly inhibit arginine vasopressin (AVP)-induced osmotic water flux in rabbit cortical collecting tubule (CCT) (5), studies addressing the role for increased [Ca++] i in modulating AVP action have yielded conflicting results. Goldfarb (6) showed that increased bath Ca concentration augmented AVP-induced water transport in rabbit CCT at 370C, although Jones et al. (7) failed to reproduce such an effect. Dillingham et al. (8) showed a stimulatory effect ofthe Ca ionophore A23187 on AVP-induced osmotic water flux in rabbit CCT at 250C. Conversely, Jones et al. (9) conducted similar experiments at 370C using another Ca ionophore, ionomycin, and found that it suppressed AVP action.
In evaluating the PIP2 breakdown cascade as a potential modulator ofAVP action in CCT, it is important to clarify the role of the Ca-mediated pathway as well as that of the PKC pathway, since both are activated simultaneously. Therefore we investigated the role for [Ca+J] i by using the Ca ionophore A23187. In addition, we examined the combined effect of PMA and A23187 to look for the interaction between these two pathways. Finally, we explored and compared possible mechanisms of action for PKC and increased [Ca++Ji.
Methods
Single CCTs (1.0-2.5 mm in length) were dissected from kidneys of female New Zealand white rabbits weighing 1.5-2.0 kg and perfused using methods described previously (5) . The flow rate of bath solution was adjusted to 0.5 ml/min. The collection rate of perfusate was adjusted to 15-20 nl/min. The perfused fluid was collected in a constriction pipette of known volume (between 65 and 150 nl).
The composition of standard bath medium, dissection medium, and isotonic perfusate were as follows (in millimolars): NaCl, 105; Experimental protocols at 370C (Fig. 1) To compare the data with our previous studies (5) (3, 4, 11) . AVP was then added and peak Lp was determined as defined above.
2. Effect ofA23187 posttreatment on A VP response. This protocol served to determine whether [Ca++] i increased after initiation of the AVP response can affect AVP-induced water movement. In these studies, 0.0 1% DMSO was added to bath medium 15 min before the basal collections. Then, 10 min after exposure to 10 MU/ml AVP, A23187 was added to bath medium. Collections were started soon after the addition of A23187 and six to nine collections were made. Peak Lp of both control and experimental studies were calculated as the mean of the three largest values during 30-50 min after the addition of AVP.
3. Combined effect of phorbol myristate acetate (PMA) and A23187. These experiments were designed to examine the interaction between PKC and increased [Ca+J] i which synergize in many other systems (3, 4, 12) . PMA and A23187 were simultaneously added to the bath in the same experimental program as protocol 1. 4. Effect ofA23187 on post-cAMP events. l0-4 M chlorophenylthio-cyclic AMP (CcAMP) was applied instead of AVP with or without A23187 pretreatment.
5. Effect of staurosporine (SSP) on PMA action. SSP is a potent PKC inhibitor recently described (13) . Experiments were designed to see how SSP affects the action of PMA and A23187. 10-7 M SSP was added to bath medium 15 min before basal collections. PMA or A23187 was added to the bath 5 min after SSP. Circles and bars represent means and SE, respectively. N, Number of experiments. At 2 X 10-8 M, A23187 produced almost maximal suppression of the AVP response, but had no effect on the CcAMP response.
7. Effect oflow bath Ca on the actions ofPMA andA23187. To test whether the effect of either ofthese agents is dependent on peritubular Ca, bath medium was changed to low Ca medium 15 min before basal collections. PMA or A23 187 was administered 5 min after the bath Ca was reduced.
In all studies using PMA, the syringe holding the bath medium was wrapped with aluminum foil to prevent degeneration ofPMA by light. Pure DMSO was used as the solvent for A23 187, PMA, and SSP. The final concentration ofDMSO in bath medium in all experiments using A23 187, PMA, or SSP was 0.0 1% by volume.
Reagents
A23 187, AVP, CcAMP, DMSO, IND, and PMA were purchased from Sigma Chemical Co., St. Louis, MO. Tritium-labeled inulin was purchased from E. I. DuPont, NEN Products, Boston, MA. AVP, CcAMP, DMSO, and PMA used in this study were aliquots ofthe same stock as used in our previous study (5) . SSP (Kyowa Hakko Kogyo, Tokyo, Japan) was a generous gift from Dr. Seymour Mong.
Statistics
Data are presented as mean±SE, and statistical analyses were made by using nonpaired t test unless indicated. Differences with P < 0.05 were considered statistically significant.
Results

Experiments at 25°C
In five experiments, 50 AU/ml AVP increased Lp (X i0' cm/ atm per s) from a basal of 3.5±0.3 to a peak of 90.1±7.5. Superimposed A23187 (10-' M) further increased the peak Lp up to 124.8±5.6 (P < 0.01). After removal ofA23187, peak Lp decreased to 106.4±4.0 X 10-7 cm/atm per s, though this change was not statistically significant. These results were essentially the same as those shown by Dillingham et al. (8) . Experiments at 37°C
In control studies, 10 ,uU/ml AVP increased Lp (X 10-7 cm/ atm per s) from a basal of 5.0±0.6 to a peak of 166.0±5.9 (n = 15). Both of these values were identical to those of the DMSO control group (basal, 4.7±1.4; peak, 166+10.4; n = 5).
1. Effect ofA23187 on A VP response. Two different doses of A23187 (2 X 10-8 and 2 X 10-6 M) were examined (n = 5 and 4, respectively). The basal Lp (X 10-7 cm/atm per s) was slightly increased by 2 X 10-8 or 2 X 1o- from a basal of 4.2±0.7 to a peak of 177.9±14.1. Basal Lp (X 10-7 cm/atm per s) was increased by either dose of A23 187 (15.5±2.3 with 2 X 10-8 M, and 16.6±1.9 with 2 X 10-6 M, respectively; P < 0.01 vs. control basal Lp in both cases). As shown in Fig. 3 , the CcAMP-induced peak Lp (X10-7 cm/atm per s) was not suppressed by 2 X 10-8 M A23 187 (177.1±5.0, n = 4), and was only partially suppressed by 2 X 10-6 M A23 187 (1 10.5±17.7, P < 0.05 vs. control).
5. Effect ofSSP on the action ofPMA andA23187 (Fig. 4) .
In four SSP control experiments, 10-7 M SSP pretreatment itself affected neither the basal Lp (4.4±0.9 X l0-cm/atm per s) nor the AVP-induced peak Lp (172.1±11.6 X lo-cm/atm per s). However, the suppression of peak Lp by l0-7 M PMA was totally reversed by SSP; the PMA pretreated peak Lp in the presence of SSP (165.2±7.5 X l0-7 cm/atm per s, n = 4) was statistically the same as the SSP control peak Lp. Conversely the suppression by 2 X 108 M A23 187 was not significantly attenuated by SSP. The peak Lp with SSP and A23 187 pretreatment was 53.4±6.1 X 10-7 cm/atm per s (n = 4).
6. Effect ofIND on the actions ofPMA and A23187 (Fig.   5 ). In four IND control experiments, 5 X 10-6 M IND pretreatment itself had no effect on basal or peak Lp (6.9±2.7 and 166.4±20.5 X 10-7 cm/atm per s, respectively). 10-7 M PMA completely suppressed the AVP effect on Lp despite the presence of IND: basal and peak Lp were 10.9±2.1 and 14.6±2.0 X l0-7 cm/atm per s, respectively (n = 4, not significant by paired t test). IND also failed to attenuate the suppression by a submaximal dose of PMA: the PMA (10-9 M) pretreated peak Lp in the presence of IND (52.2±7.1 X l0-7 cm/atm per s, n = 4) was not significantly different from that without IND. In marked contrast, IND significantly attenuated the suppression Figure 4 . Reversal effect of SSP on the peak Lp suppression by PMA or A23 187. Bars above each column represent SE. N, Number of experiments. SSP totally reversed the PMA suppression of AVP-induced peak Lp, but had no effect on the A23 187 suppression. Effect of low bath Ca on the actions of PMA and A23187. In six low Ca bath control experiments, low peritubular Ca concentration had no effect on basal Lp (6.2±1.0 X l0-7 cm/atm per s, not significant vs. control basal Lp with normal bath medium), but augmented the AVP-induced peak Lp response (223.6±14.5 X l0-7 cm/atm per s, P < 0.001 vs. control peak Lp with normal bath medium). Even under this condition, l0-7 M PMA still suppressed AVP response completely: the basal and the peak Lp was 28.8±2.5 and 33.0±1.8 X l0-7 cm/atm per s, respectively (n = 4, not significant by paired t test). Conversely, the suppression of the peak Lp by 2 X 10-8 M A23187 was attenuated (138.0±7.9 X l0-7 cm/atm per s, n = 4). Since lowering bath Ca concentration itselfsignificantly changed the peak Lp response to AVP, the effect oflow Ca bath on the PMA or A23187 suppression was estimated by calculating percent inhibition of peak Lp. As shown in Fig. 6 , while the degree of inhibition by l0-7 M PMA was unaffected by low Ca bath (88.8±2.9% with normal bath and 85.2±0.9% with low Ca bath), that by 2 X 10-8 M A23187 was significantly attenuated (73.0±2.6% in normal bath and 38.3±3.5% in low Ca bath, P < 0.001).
Discussion
Our knowledge about the role of PIP2 breakdown in signal transduction is expanding rapidly. The individual roles of PKC and increased [Ca++] i and the complex interactions between these two branches of PIP2 breakdown cascade in regulating cell function are being elucidated in various mammalian tissues (1-4, 15, 16 ). These intracellular mediators also have been found to interact with the other signal transduction pathways, especially the cAMP-mediated pathway (3, 4) . The type ofinteraction between the PIP2 breakdown-initiated pathways and the cAMP-mediated pathway differs from tissue to tissue. These signalling pathways can be additive or antagonistic in electing cellular response. In some cells, there is no interaction between these signal transduction pathways (3). In the mammalian collecting tubule, investigation of the specific interaction between these signalling pathways is a subject of great interest, since the cAMP-mediated pathway is utilized by AVP in regulating water transport of this nephron segment. We have recently demonstrated that PKC activators markedly suppress AVP-induced water transport in rabbit CCT primarily at a step distal to cAMP generation (5). Furthermore, additional evidence suggesting the physiological importance of PKC as a negative regulator of water transport has been obtained. Carbachol, a cholinergic agent, is known to stimulate PIP2 breakdown (17) and has been found in toad bladder to inhibit AVP-induced water flow at a step distal to cAMP generation (18) . Epidermal growth factor, which stimulates PIP2 breakdown in certain cells (19) , was found in our laboratory to inhibit both AVP and cAMP action on rabbit CCT water transport in a manner similar to that of PMA (20) . In preliminary studies Raymond (21) showed that chronic hypokalemia suppressed the hydroosmotic effect of AVP on medullary collecting tubule, and this inhibition could be reversed by H-7, a PKC inhibitor.
Conversely, there have been conflicting findings about the role of intracellular Ca, another branch of PIP2 breakdown cascade, on the action of AVP. Goldfarb (6) found that increasing bath Ca concentration from 1.25 to 3.75 mM augmented the hydroosmotic effect of AVP in rabbit CCT perfused in vitro at 370C. Dillingham et al. (8) found that A23 187 stimulated AVP-induced water transport in rabbit CCT, and lowering bath Ca had an opposite effect. However, and very importantly, these experiments were conducted at 250C. In contrast to these stimulatory results, studies conducted at 370C using agents that increase [Ca+J] i suggest that increased
[Ca++]1 suppresses AVP action (9, 22) . In amphibian urinary bladder, maneuvers that increase [Ca++] i generally suppress AVP action (18, (23) (24) (25) (26) , although Hardy (23) demonstrated that A23187 administered simultaneously with AVP augmented AVP-induced water flow. In all previous studies (18, (23) (24) (25) the concentrations of A23187 used were micromolar or greater. Such high concentrations ofA23187 could produce diverse effects not specific to activation of the Ca-mediated pathway. For example, at micromolar concentrations, A23187 acts as an uncoupler of mitochondrial respiration and oxidative phosphorylation (11) . In platelets, while 2-3 X lO-' M A23187 exclusively activates the Ca-mediated pathway, doses higher than 5 X l0-7 M stimulate PKC as well (12). Both of these nonspecific actions could suppress a post-cAMP step of the AVP response (5, 27) . Therefore it is important to use A23187 at lower than 5 X l0-7 M to examine more specifically the role of the Ca-mediated pathway (15) . As PIP2 breakdown results in activation of both the PKC and the Ca-mediated pathway, it is also necessary to explore the combined effect of both pathways on AVP action to evaluate the significance of stimulated PIP2 breakdown in water transport regulation.
Our experiments performed at 370C show that A23 187 is a potent inhibitor of AVP-induced osmotic water flow when used at a concentration of 2 X 10-8 M (Fig. 3) . The mechanism responsible for the opposite action of A23 187 at 250C (Fig. 2) is unknown. The hydroosmotic response of CCT to AVP is different at 250 and at 370C (28) . The peak Lp at 250C is lower and more stable than that at 37°C (28, 29) . Cholera toxin, an activator of stimulatory guanine nucleotide regulatory protein (Gs), which stimulates water transport by activating adenylate cyclase at 37°C, has no effect at 25°C (30, 31) . It is also known that [Ca++]i itselfand Ca-dependent calmodulin exert triphasic effects on adenylate cyclase activity: they are stimulatory at a certain Ca concentration and suppressive at higher or lower Ca concentrations (32) . Therefore it is possible that increased [Ca"+i has different effects on AVP-induced water transport at different temperatures.
There are some similarities between the actions of PMA and A23 187: both increased basal Lp slightly and were equally potent inhibitors of AVP response either in pre-or posttreatment studies (5) . Both agents also have been found to inhibit Na transport in this nephron segment (33, 34) . Furthermore, the suppressive effects of these agents are additive (Fig. 3) . Thus it is important to examine whether the PKC pathway and the Ca-mediated pathway act through a common mechanism or not.
Our series of studies clearly demonstrate the difference between these two pathways in their suppression of the AVP action. As shown in Fig. 2, A23 187 suppressed the AVP action predominantly at a pre-cAMP step. This is in accord with the inhibitory effect of Ca on cAMP generation or accumulation reported by other investigators (35) (36) (37) with micromolar A23187 or quinidine partially inhibit cAMP-induced water transport. In their studies, as well as our micromolar A23187 study, the Ca inhibition of cAMP action was smaller than that of AVP action. This suggests that the Ca action is both pre-and post-cAMP when high concentration of A23187 or quinidine were used. However, we can not exclude the possibility that nonspecific or toxic effects mentioned above are seriously involved in these post-cAMP suppression. The suppression by 2 X 10-8 M A23187 was not reversed by SSP (Fig. 4) . This clarified that the action of A23187 at this concentration is not mediated by activation of PKC, which can be caused by micromolar A23187 (15) . The action of 2 X 10-8 M A23187 was significantly attenuated by removal of bath Ca (Fig. 6) . Failure ofcomplete reversal might be due to a small increase in [Ca++] i by influx ofthe remaining peritubular Ca, or by Ca release from intracellular storage (4, 38) . At any rate this attenuation means that a Ca ionophoric action is responsible for the A23187 inhibition. Our present studies also demonstrate that the A23187 action is largely dependent on IND-inhibitable cyclooxygenase metabolites of arachidonate (Fig. 5 ). This is in agreement with previous studies in CCT (9) or toad bladders (24, 39) . Incomplete reversal by IND could be explained by the existance of other mechanisms of the Ca inhibition. Stimulation of cAMP phosphodiesterase by Ca is well known (35) , and its involvement in the Ca-mediated inhibition of AVP-induced water transport has been confirmed (9) . Calcium also stimulates arachidonic acid release by activating phospholipase A2 (40) . Thus it is also possible that increased synthesis of noncyclooxygenase metabolites of arachidonate are responsible for the Ca inhibition. Indeed, in our laboratory, certain epoxygenase metabolites of arachidonate have been found to inhibit AVP-induced water transport (41) . (Fig. 4) . This suggests that the action of PMA is exclusively via activation of PKC. IND pretreatment could not reverse the suppression by either l0-7 or 10-9 M PMA (Fig. 5) . Accordingly, the PMA action on AVP-induced water transport can not be mediated by stimulation of prostaglandin synthesis, which has been observed in Madin Darby canine kidney (MDCK) cells in response to PKC activation (42) . Increased Ca influx is known to result from PKC activation in some cell types (43, 44) . However, it would not be responsible for the suppression of AVP action, since lowering bath Ca concentration failed to attenuate the peak Lp suppression by l0-7 M PMA, while it significantly attenuated the A23187 suppression (Fig. 6) . We did not examine the effect of low Ca bath on the suppression by 10-9 M PMA. If this concentration of PMA exerts the suppression, even in part, via increasing Ca influx like A23187, IND must attenuate this submaximal PMA action; but it did not.
In summary, our studies suggest (a) Both branches of the PIP2 hydrolysis cascade are potent negative modulators of the hydroosmotic effect of AVP in rabbit CCT; (b) Activation of PKC and elevation of [Ca++] i are additive in their suppression of AVP action; (c) The Ca-mediated pathway preferentially blocks a pre-cAMP step, and this inhibition is partly mediated by cyclooxygenase metabolites, but not by PKC activation; and (d) The PKC pathway predominantly blocks a post-cAMP step, and this action is independent of either peritubular Ca or cyclooxigenase metabolites.
